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ABSTRACT: Equilibrium adsorption of gas phase mixtures of D- and L-
alanine (Ala) onto the naturally chiral Cu{3,1,17}R&S surfaces has been
studied by both experiment and DFT-based modeling. Isotopically labeled
*L-Ala (HO2

13CCH(NH2)CH3) and unlabeled D-Ala allow mass
spectrometric enantiodifferentiation of the adsorbed species during
temperature-programmed decomposition, following equilibrium adsorp-
tion. Measurements of the relative equilibrium coverages of D- and *L-Ala
on the Cu{3,1,17}R&S surfaces, θD/R/θ*L/R = θ*L/S/θD/S, at gas phase partial
pressure ratios of P*L/PD = 1/2, 1, and 2 indicate that the D-Ala and *L-Ala
conglomerate phases are more energetically stable than a D*L-Ala racemate
phase, but that their adsorption energies are not measurably
enantiospecific, ΔΔEDL ≈ 0. Although the DFT simulations provide a
self-consistent structure of Ala overlayers on Cu{3,1,17}R&S they overestimate the enantiospecificity of the adsorption energetics.

1. INTRODUCTION

A characteristic hallmark of life on Earth is the homochirality of
biomolecules such as amino acids, sugars, proteins, and DNA.1,2

One of its consequences is that in the homochiral environment
of living organisms, the two enantiomers of a chiral molecule
can exhibit significantly different physiological effects.3−5 This
creates an enormous >$200B/yr market for enantiomerically
pure compounds such as pharmaceuticals.6 As a result,
enantioselective chemical processes have attracted a great deal
of attention in the biochemical and pharmaceutical industries.
As one route to enantioselectivity, chiral surfaces are attractive
media for chiral separations and for enantioselective heteroge-
neous catalysis, if enantioselectivity can be achieved by
catalytically active materials such as metals.
Single enantiomer chiral surfaces can be created by several

means. The most common is the irreversible adsorption of
enantiomerically pure, chiral organic molecules on achiral metal
surfaces, thereby rendering the surfaces chiral.7−10 Such
surfaces can then serve as enantiospecific adsorbents or
catalysts; however, their chemical and thermal stability is
limited by the intrinsic stability of the organic modifier. Simple
metal surfaces themselves can be much more stable and more
catalytically active than organically modified surfaces, if they can
be prepared in intrinsically chiral form. Although the bulk
crystal structures of metals are achiral, intrinsically chiral
surfaces can be obtained from metals by exposing their low
symmetry, high Miller index planes.11−13 Because the terrace-
step-kink structures of these surfaces lack symmetry, they are
not superimposable on their mirror images and, therefore, they
are chiral. Enantiospecific properties of chiral molecules on
naturally chiral metal surfaces have been widely studied by

various methods.14−19 When adsorbed on naturally chiral
surfaces, chiral molecules exhibit enantiospecific desorption
kinetics,14,20−22 reaction kinetics,23,24 orientations,25,26 and
electrochemistry.27,28

Recently, Yun et al. reported the first unequivocal
observation of the enantioselective separation of a racemic
mixture on a naturally chiral metal surface.29 That work made
use of 13C-labeling in the *L-aspartic acid (*L-Asp, the asterisk
(∗) herein refers to the isotopically labeled species) to enable
mass spectrometric enantiodiscrimination of D-Asp from *L-Asp
during adsorption from the gas phase and subsequent
decomposition/desorption of the adsorbed phase. The
equilibrium adsorption of a gas phase, racemic mixture of D-
and *L-Asp on naturally chiral Cu{3,1,17}R&S surfaces resulted
in ∼39% surface enantiomeric excess (ees) in the adsorbed
phase, favoring adsorption of D-Asp over *L-Asp on the
Cu{3,1,17}S surface (and vice versa on the Cu{3,1,17}R

surface). The quantitative nature of this isotope labeling
method allowed direct determination of the ratios of the
enantiospecific adsorption equilibrium constants for D- and *L-
Asp on the Cu{3,1,17}R&S surfaces, K*L/R/KD/R = KD/S/K*L/S =
2.29 ± 0.17, and estimation of the enantiospecific difference in
the free energies of adsorption, ΔΔGDL = 3.15 ± 0.29 kJ/mol.
The 13C-labeling methodology developed for the study of Asp/
Cu{3,1,17}R&S should be generally applicable to the study of
enantiospecific adsorption of any enantiomers for which one of
the two can be obtained in an isotopically labeled form, that is,
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most amino acids. The work described herein has applied the
13C-labeling method to study the enantiospecific surface
chemistry of alanine (HO2CCH(NH2)CH3, Ala), the simplest
chiral amino acid, on the Cu{3,1,17}R&S surfaces.
Adsorption of Ala on Cu surfaces has been extensively

studied as a model system for understanding the surface
chemistry of chiral biomolecules such as amino acids on metal
surfaces. Previous studies using reflection absorption infrared
spectroscopy (RAIRS) have shown that Ala adsorbs on Cu
surfaces in its anionic form (−O2CCH(NH2)CH3).

30−40 Low
energy electron diffraction (LEED), near edge X-ray absorption
fine structure spectroscopy (NEXAFS), and scanning tunneling
microscopy (STM) have been used to show that enantiomeri-
cally pure D- and L-Ala adsorbed on the naturally chiral
Cu{531}R surface exhibit enantiospecific differences in their
adsorption geometries and long-range order.18,26 Furthermore,
Clegg et al. showed that adsorption of D- and L-Ala leads to
enantiospecific reconstruction of a naturally chiral Cu{531}S

surface.41 The greater goal of this type of work is to understand
the origin of the enantiospecific differences in the energetics of
chiral adsorbates on chiral surfaces. These are the root cause of
enantioselectivity in processes such as separations and catalysis.
However, the direct quantitative measurement of enantiospe-
cific energy differences of chiral adsorbates on chiral surfaces is
experimentally challenging. Despite extensive studies of Ala on
chiral Cu surfaces, adsorption enantioselectivity has been
predicted only on the basis of computational modeling.42,43

In this work, we describe direct measurements of the
equilibrium adsorption of D- and *L-Ala mixtures on naturally
chiral Cu{3,1,17}R&S surfaces. In the event of enantiospecific
adsorption, the enantiomer with the higher adsorption energy
on a chiral surface equilibrates at a higher coverage than the
other enantiomer. By controlling the ratio of enantiomers in the
gas phase, PD/P*L, and measuring the ratio of the coverages in
the adsorbed phase, θD/θ*L, one can detect enantioselective
separation and quantify the enantiospecific difference in the
adsorption energies of two enantiomers on the chiral surface.29

The challenge in measuring the relative coverages of two
enantiomers adsorbed on the surface arises from the lack of a
method for enantiodiscrimination of molecules once adsorbed.
In this work, the D- and *L-Ala are distinguished using mass
spectrometry and 13C-labeling of the *L-Ala. This novel method

allows us to investigate enantiospecific adsorption over a range
of relative partial pressures of two enantiomers in the gas phase.
The model considered in this work for interpreting the

equilibrium adsorption of D- and *L-Ala enantiomers is more
complex than that needed to describe the adsorption of D- and
*L-Asp on the Cu{3,1,17}R&S surfaces.29 In the case of D- and
*L-Asp, the adsorbed monolayer was well described as
consisting of domains of enantiomerically pure conglomerate
phases, or equivalently a random solution of noninteracting
enantiomers. No explicit consideration was given to the
possible formation of an adsorbed racemate phase of D*L-
Asp; nor was this necessary to interpret their behavior observed
on Cu{3,1,17}R&S. Bulk crystallization of racemic mixtures of
many chiral compounds, including both DL-Asp and DL-Ala,
results in the formation of racemate phases, crystals in which
each unit cell contains an equal number of both the D- and the
L-enantiomer.44,45 The formation of enantiomerically pure
conglomerates, physical mixtures of crystals in which each
individual crystal is enantiomerically pure, is relatively rare.
Thus, the possible formation of 2D racemate domains during
adsorption of a racemic mixture onto a surface should be
considered. Our DFT calculations of the adsorption energies of
conglomerate and racemate phases of D, L, and DL-Ala on
Cu{3,1,17}R&S suggest that they are of comparable energy and,
therefore, that both phases should be considered. Figure 1
illustrates the framework for thinking about the work presented.
The figure shows four scenarios for the relative energetics of
the D-conglomerate, the L-conglomerate and the DL-racemate
that might form as a result of the adsorption of a mixture of D-
and L-Ala on the Cu{3,1,17}R&S surfaces. In the first scenario,
(D + L)/R, the L-conglomerate is energetically more stable than
the D-conglomerate, and both are much more stable than the
DL-racemate, ΔΔEr−c ≫ ΔΔEDL. Here, ΔΔEDL is the difference
in the adsorption energies of the D- and L-Ala conglomerate
phases on Cu{3,1,17}R and ΔΔEr−c = ΔErac − 1/2(ΔED + ΔEL)
is the difference in the adsorption energies of the racemate
phase and conglomerate phases. As shown at the bottom of
Figure 1, exposure of the Cu{3,1,17}R surface to a racemic
mixture of D- and L-Ala in the gas phase would result in
predominantly conglomerate phase adsorption with an excess
of the L-Ala phase. Note that the relative coverage of the
enantiomers would depend on the ratio of their partial
pressures in the gas phase, θD/R/θL/R = KD/RPD/KL/RPL.

29

Figure 1. Illustration of the energetics and possible phases for D- and L-Ala coadsorption on Cu{3,1,17}R&S surfaces from gas phase mixtures of the
two enantiomers. The (D + L)/R scenario shows the case of exposure of the Cu{3,1,17}R surface to a gas phase mixture of D- and L-Ala. In the
adsorbed state, the enantiomerically pure, L-Ala conglomerate phase is more energetically stable than the D-Ala conglomerate by ΔΔEDL. The
conglomerate phases are much more energetically stable than the DL-Ala racemate phase by ΔΔEr−c ≫ ΔΔEDL. In the (DL)/R scenario, the DL-Ala
racemate phase is much more stable than either of the enantiomerically pure conglomerate phases. The (D + L)/S and (DL)/S scenarios illustrate the
analogous situations for adsorption on the Cu{3,1,17}S surface. In the fourth panel with ΔΔEr−c ≫ ΔΔEDL, the D-Ala is adsorbed preferentially.
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The situation is mirrored diastereometrically in the scenario (D
+ L)/S. In the (DL)/R and (DL)/S scenarios, the DL-racemate is
energetically much more stable than either of the conglomerate
phases. As shown at the bottom of Figure 1, during exposure of
either Cu{3,1,17}R&S surface to a mixture in the gas phase, the
relative coverages of the adsorbed enantiomers is θD/R/θL/R = 1
and independent of the relative enantiomer partial pressures.
The work described in this paper develops and demonstrates

a methodology for distinguishing between conglomerate and
racemate adsorption. The relative equilibrium coverages of the
D- and *L-Ala during exposure to gas phase mixtures with PD/
P*L = 1/2, 1, and 2 reveal that the adsorbed phase forms
enantiomerically pure D- and *L-Ala conglomerates that are
energetically much more stable than the D*L-Ala racemate
phase. Furthermore, both enantiopure phases have the same
energetic stability on Cu{3,1,17}R&S surfaces, ΔΔEDL = 0.
Experimentally measured thermodynamic properties such as
KD/R/K*L/R = K*L/S/KD/S have been compared to values
predicted by dispersion corrected DFT calculations. These
experimental and computational studies provide insight into the
enantioselectivity of chiral amino acid adsorption on naturally
chiral surfaces.

2. EXPERIMENTAL SECTION
Study of enantioselective adsorption of D- and *L-Ala on
Cu{3,1,17}R&S surfaces was performed in an ultrahigh vacuum,
surface analysis chamber with a base pressure of 2 × 10−10 Torr.
The chamber is equipped with an Ar+ ion sputter gun to clean
the Cu{3,1,17}R&S surfaces, LEED optics to examine the
ordering of clean surfaces, a homemade evaporator to deposit
Ala on the Cu single crystal surfaces, and an Extrel mass
spectrometer to detect species in the gas phase and those
desorbing from the surface.
The Cu{3,1,17} single crystal sample (Monocrystals

Company) was approximately 10 mm in diameter and 2 mm
thick. The Cu single crystal disk exposed the Cu{3,1,17}R

surface on one side and the Cu{3,1,17}S surface on the other
side. The temperature of the sample was controlled within the
range 90−1000 K by resistive heating and liquid nitrogen
cooling and was measured using a chromel−alumel thermo-
couple spot-welded to its edge. The temperature was controlled
by a computer monitoring the temperature and varying the
heating current. The Cu sample was cleaned by repeated cycles
of 1 keV Ar+ ion sputtering while annealing at 850 K for 500 s.
In the final step of the sputtering-annealing procedure, the
sample was cooled at a controlled rate of −1 K/sec at a
pressure of <1 × 10−9 Torr in order to obtain a well-ordered
surface structure. The long-range order of the clean Cu-
{3,1,17}R&S surfaces was verified by LEED before adsorption of
Ala.
Unlabeled D-Ala (Alfa Aesar, 99% chemical and optical

purity) and isotopically labeled *L-Ala (HO2
13CCH(NH2)CH3,

Cambridge Isotope Laboratories, 98% chemical purity, 99 atom
%) were vapor deposited onto the Cu{3,1,17}R&S surfaces by
sublimation from a homemade Knudsen cell evaporator with
two glass vials; one for each enantiomer. The glass vials were
wrapped with resistance heating wires and their temperatures
were measured by thermocouples bonded to their exteriors.
The fluxes of D- and *L-Ala from each vial were controlled
independently by heating the vials to different temperatures.
The time of exposure of the Cu{3,1,17}R&S surfaces to the D-
and *L-Ala vapors was controlled by opening and closing a
shutter placed in front of the glass vials. After exposure to Ala,

the sample was positioned in front of the aperture to the mass
spectrometer and then heated at 1 K/s to conduct temperature-
programmed reaction spectroscopy of the adsorbed species.
The relative coverages of D- and *L-Ala on the Cu{3,1,17}R&S

surfaces were determined by monitoring the signals for CO2
(m/q = 44) and 13CO2 (m/q = 45) with the mass spectrometer
while heating the surfaces from 250 to 670 K at 1 K/s.

3. COMPUTATIONAL METHODS

Computational simulations of D- and L-Ala on Cu{3,1,17}S

were carried out using periodic DFT calculations using the
Vienna ab initio simulation package (VASP).46−49 The PBE-
GGA functional was used to describe the electron−electron
exchange and correlation interactions while core−electron
interactions were described with the projector augmented-wave
(PAW) potential.50−53 A plane wave expansion cutoff of 500 eV
was used for all calculations. Structural optimization, performed
by a conjugate gradient algorithm, was considered converged
with a force stopping criterion of 0.03 eV/Å. The effects of long
range dispersion forces were accounted for through Grimme’s
D2 dispersion correction method.54 The interatomic spacing of
Cu was obtained through modeling of bulk fcc Cu atoms with a
supercell containing 8 Cu atoms in an FCC lattice using 16 ×
16 × 16 k-points. The construction of a Cu{3,1,17}S slab was
similar to earlier work by Rankin and Sholl.55 The surface
consisted of a single Cu{3,1,17}S surface unit cell with a
vacuum spacing of at least 10 Å. The surface slab was 7 Å thick
with the bottommost 3 Å constrained in bulk positions. All
calculations were performed with a Monkhorst−Pack grid of 4
× 4 × 1 k-points. The Ala was adsorbed in the deprotonated
form with a tridentate footprint.33−40 A dense adlayer was
defined as two Ala molecules coadsorbed on the surface unit
cell. To ensure a systematic examination of the surface, we
modified the n_A_x denotation of the adlayer defined by
Rankin and Sholl to be m_n_A_x.55 Here, the m denotes
whether the adlayer was enantiopure (D- or L-) or racemic (DL-)
Ala.

4. RESULTS

4.1. LEED Patterns of the Clean Cu{3,1,17}R&S Surfaces.
The chirality of the Cu{3,1,17}R&S surface structures was
verified using LEED. Figure 2 shows the ideal structures of the
Cu{3,1,17}R&S surfaces in the top panels and the LEED
patterns obtained from the clean Cu{3,1,17}R&S surfaces in the
lower panels. The ideal atomic structures of the Cu{3,1,17}R&S

surfaces have monatomic kinked steps formed by (110) and
(111) microfacets, and separated by (100) terraces. Although it
is known that the real structures of such high Miller index
surfaces are subject to thermal roughening,56−58 STM imaging
of Cu{643}R and Cu{531}S surfaces have shown that the net
chirality of the surfaces is preserved.13,59 Although thermal
roughening of the steps results in the coalescence of kinks and
loss of the periodic distribution of kinks along the step edge,
the chirality of the remaining kinks is the same as that of the
ideal surface structure. LEED patterns from high Miller index
surfaces with kinked steps have periodicity based on that of the
terraces but modified by splitting of the diffraction spots due to
the presence of the step edges.60 The LEED patterns of the
clean Cu{3,1,17}R&S surfaces (Figure 2) display the square
symmetry of the (100) terraces with obvious spot splitting. The
split spots in the diffraction patterns are misoriented from the
low Miller index directions, indicating that the steps run along
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low symmetry directions and are, therefore, kinked and chiral.
Close inspection of the LEED patterns reveals that the
direction of the spot splitting is reversed on Cu{3,1,17}S and
Cu{3,1,17}R images and that the LEED patterns are non-
superimposable mirror images of one another. Thus, the LEED
patterns of the clean Cu{3,1,17}S and Cu{3,1,17}R surfaces
reveal the fact that their atomic surface structures are
enantiomorphous and retain their surface chirality after
sputtering and annealing under UHV conditions.
4.2. Enantiodifferentiation of Adsorbed D- and *L-Ala.

Prior to probing the enantioselectivity of D*L-Ala adsorption on
the Cu{3,1,17}R&S surfaces, temperature-programmed reaction
spectra (TPRS) were obtained from D-Ala/Cu{3,1,17}R.
During exposure to D-Ala, the surface was held at 440 K to
prevent multilayer formation on the surface. After the surface
was saturated with D-Ala, the sample was heated in front of the
mass spectrometer at 1 K/s while monitoring the desorption
signals at various mass-to-charge ratios. During heating, D-Ala/
Cu{3,1,17}R decomposed into several products and the species
desorbing from the surface yielded prominent signals at m/q =
28, 41, and 44 in the mass spectrometer. While the
identification of all decomposition products was not attempted
for the purpose of this work, it is expected, by analogy with
decomposition of other amino acids on Cu surfaces, that CO2
(m/q = 44) is one of the major products.29,61,62

For the purpose of enantiodiscrimination of mixtures of the
two enantiomers of Ala, we have used isotopically labeled *L-
Ala (HO2

13C CH(NH2)CH3) and unlabeled D-Ala. TPR

spectra of D-Ala/Cu{3,1,17}R and *L-Ala/Cu{3,1,17}S at
saturation coverage are compared in Figure 3. Note that
these two combinations are diastereomerically equivalent to
one another and, as expected, the TPR spectra are identical,
other than the fact that the product desorption signals appear at
different masses as a result of isotopic labeled. During D-Ala
decomposition the desorption signal at m/q = 44 is far greater
than that at m/q = 45, while the signal at m/q = 45 dominates
during *L-Ala decomposition. It is clear that the signals at m/q
= 44 and 45 correspond to CO2 and 13CO2 desorption,
respectively, and that they originate from the carboxylate
groups of each Ala enantiomer. More importantly, the TPR
spectra show that the signals at m/q = 44 from D-Ala and m/q =
45 from *L-Ala can be used for enantiodiscrimination and for
measurement of the relative coverages of the two enantiomers
on the surface. It is also important to note that the TPR spectra
of all four combinations of D- and *L-Ala on the Cu{3,1,17}R&S

surfaces reveal no enantiospecificity to the decomposition
kinetics (Figure 4). The peak temperatures and ranges for
decomposition of D-Ala on Cu{3,1,17}R&S are identical, as are
the temperatures and ranges for *L-Ala on Cu{3,1,17}R&S. If the
decomposition kinetics were enantiospecific, one would
observe a temperature difference between the TPR spectra
for D-Ala/Cu{3,1,17}R and D-Ala/Cu{3,1,17}S and likewise for
*L-Ala/Cu{3,1,17}R and *L-Ala/Cu{3,1,17}S. This is readily
observable in the decomposition of D- and L-tartaric acid on
chiral Cu surfaces.24

As seen in Figure 3, the TPR spectra of *L-Ala and D-Ala
reveal small signals at m/q = 44 and 45, respectively. These may
arise from isotopic impurities or from other decomposition
products. To account for these minority signals during analysis
of TPR spectra from mixed layers of D-Ala and *L-Ala, the
coverages of D- and *L-Ala were calculated by solving the
equations

Figure 2. Upper panel. Ball model depiction of the ideal structures of
the naturally chiral Cu{3,1,17}R&S surfaces. The structures with
clockwise and counterclockwise rotations among the three microfacets
forming the terrace, step and kink, (111) → (100) → (110), are
designated R and S, respectively. Lower panel. LEED patterns from
clean Cu{3,1,17}R&S single crystal surfaces (E = 225 eV, T = 90 K).
The dashed lines highlight the repeating unit cell and the direction of
the spot splitting due to the step edges. These are nonsuperimposable
mirror images of one another, reflecting the chirality of the surfaces.

Figure 3. TPR spectra of D-Ala/Cu{3,1,17}R and *L-Ala/Cu{3,1,17}S

at saturation coverage. *L-Ala/Cu{3,1,17}S decomposition yields
TPRS signal at m/q = 45, almost exclusively. D-Ala/Cu{3,1,17}R

decomposition yields TPRS signal at m/q = 44, almost exclusively.
The yields of CO2 and

13CO2 can be used to estimate the coverages of
D- and *L-Ala.
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α θ α θ= + *
*Y44 44

D
D 44

L
L (1)

and

α θ α θ= + *
*Y45 45

D
D 45

L
L

where Ym/q are the integrated areas under TPRS peaks at each
m/q ratio, α are the coefficients for D- and *L-Ala at each m/q
ratio, and θ are the coverages of D- and *L-Ala. D- and *L-Ala
yield signals at both m/q = 44 and 45 that are proportional to
their coverages. The coefficients α44

D and α45
D (α44*

L and α45*
L)

were obtained from the TPR spectra of pure D-Ala at θD = 1
(pure *L-Ala at θ*L = 1). Using the system of eqs 1, the
coverages of D- and *L-Ala were estimated from the integrated
areas under the peaks at m/q = 44 and 45 measured from TPR
spectra obtained after exposure to gas phase mixtures of the
two enantiomers.
4.3. Equilibrium Adsorption of D*L-Ala on Cu-

{3,1,17}R&S surfaces. To study enantioselective adsorption of
D*L-Ala, the Cu{3,1,17}R&S surfaces at 440 K were exposed to
racemic D*L-Ala for increasing periods of time. The partial
pressure or flux ratio of FD/F*L = 1 was achieved by
independently controlling the temperatures of the glass vials
containing D-Ala and *L-Ala. Following exposure of the surfaces
to the gas phase racemic mixture, the ratio of D-Ala/*L-Ala
coverages, θD/θ*L, was determined by TPRS as described
above. Figure 5 shows a plot of the coverage ratio, ln(θD/θ*L),
versus exposure time. The Cu{3,1,17}R&S surfaces were
saturated with Ala after ∼10 min of exposure to the mixture.
Following saturation of the surfaces, the ratio of the D- to *L-
Ala coverages remains unity for exposure times up to 90 min,
showing no enantioselective separation on either Cu{3,1,17}R

or Cu{3,1,17}S surfaces.
To establish and measure equilibrium between racemic D*L-

Ala in the gas phase and the D-Ala and *L-Ala adsorbed on the

surface, it is necessary that D-Ala and *L-Ala displace one
another rapidly on the time scale of the exposure. Mutual
displacement of amino acid enantiomers was demonstrated in
our prior study of D*L-Asp/Cu{3,1,17}R&S; however, the
displacement rate is very sensitive to the surface temperature.
Therefore, to determine whether the apparent adsorption
equilibrium on the surfaces at 440 K was kinetically limited by
low displacement rates, the Cu{3,1,17}R surface was first
prepared with a monolayer of Ala with θD/R/θ*L/R = 1.39 and
then exposed to racemic D*L-Ala in the gas phase. Although the
initial coverage ratio on the surface was θD/R/θ*L/R > 1,
continued exposure of the surface to the racemic D*L-Ala in the
gas phase caused the coverage ratio to decrease and approach
θD/R/θ*L/R = 1 after ∼60 min, (Figure 5, △). As an additional
check, the Cu{3,1,17}R surface was first prepared with a
saturated layer of Ala with θD/R/θ*L/R = 0.58 and then exposed
to racemic D*L-Ala. Although the initial coverage ratio on the
surface was θD/R/θ*L/R < 1, continued exposure of the surface
to the racemic D*L-Ala in the gas phase caused the coverage
ratio to increase and approach θD/R/θ*L/R = 1 (Figure 5, ☆).
These changes in θD/R/θ*L/R starting from both θD/R/θ*L/R < 1
and > 1 and then approaching θD/R/θ*L/R = 1 during exposure
of the surface to racemic D*L-Ala confirm that the rate of
displacement at 440 K between gas phase and adsorbed phase
Ala is sufficient to achieve adsorption equilibrium of racemic
D*L-Ala within the exposure time used. Hence, the equal
coverages of D- and *L-Ala on the Cu{3,1,17}R&S surfaces are
the result of adsorption equilibrium with racemic mixtures of D-
and *L-Ala in the gas phase.
One of the key features of our experimental methodology is

that we are able to expose the surfaces to gas phase D- and *L-
Ala mixtures of arbitrary but controlled composition by
individual control of the temperatures of the two evaporation
sources. This ability is critical to understanding the nature of
the equilibria being established between the gas phase and the
adsorbed phase. For example, the fact that exposure of the
Cu{3,1,17}R&S surfaces to racemic D*L-Ala in the gas phase
results in a racemic mixture θD/R/θ*L/R = 1 on the surface could

Figure 4. TPR spectra of D-Ala/Cu{3,1,17}R&S and *L-Ala/Cu-
{3,1,17}R&S at saturation coverage. The peak decomposition temper-
atures and the decomposition temperature ranges for all four
combinations of D-/*L-Ala on Cu{3,1,17}R&S are indistinguishable.
There is no measurable enantiospecificity in the Ala decomposition
kinetics on Cu{3,1,17}R&S surfaces.

Figure 5. D- and *L-Ala coverage ratios, ln(θD/θ*L), on Cu{3,1,17}R&S

at 440 K as a function of exposure time to racemic D*L-Ala. During the
exposure to clean Cu{3,1,17}R (■) and Cu{3,1,17}S (●) surfaces, θD/
θ*L = 1.0 for all exposure times, revealing no enantioselective
separation. On the Cu{3,1,17}R surface, the coverage ratio tends
toward θD/θ*L ≈ 1 when starting with initial coverage ratios of 1.39
(△) or 0.58 (☆). This indicates that the equal coverages of the two
enantiomers on the Cu{3,1,17}R&S surfaces after long-term exposure
are the result of equilibrium with the racemic mixture in the gas phase.
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result from the formation of a very energetically stable racemate
phase on the surface, as suggested in Figure 1 in scenarios (DL)/
R and (DL)/S. If that were the case, then the ratio of
enantiomers in the adsorbed phase would be racemic and
almost independent of the D-Ala/*L-Ala partial pressure ratio,
PD/P*L, in the gas phase. Therefore, the equilibrium adsorption
of D*L-Ala on the Cu{3,1,17}R&S surfaces was also investigated
during exposure to nonracemic D-/*L-Ala mixtures in the gas
phase. The equilibrium D-/*L-Ala coverage ratios on Cu-
{3,1,17}R&S surfaces for gas phase flux ratios of FD/F*L = PD/
P*L = 1/2, 1, and 2 are shown in Figure 6. These clearly indicate

that the ratio of adsorbed species is dictated by the D-/*L-Ala
partial pressure ratio in the gas phase; θD/θ*L = PD/P*L and is
independent of the surface chirality.
4.4. DFT Calculations of D-, L-, and DL-Ala/Cu{3,1,17}S.

The energetics of Ala adsorption on the Cu{3,1,17}S surfaces
have been calculated using DFT. These calculations have used
the PW91 functional and the PBE-D2 functional that includes
dispersion interactions. Preliminary calculations showed that
PW91 and PBE did not produce significant changes to energy
differences between the different dense adlayers. As outlined in
section 3, the DFT calculations modeled the ideal Cu-
{3,1,17}R&S unit cell with two deprotonated Ala molecules
per unit cell. The configurations for each dense L-Ala adlayer
and dense DL-Ala adlayer were generated from the four most
favorable configurations found by Rankin and Sholl.55 The
configurations for dense D-Ala adlayers were then created by
taking the earlier configurations and modifying the methyl
group position as needed. Comparison of the PW91 and the
PBE-D2 results can be found in Table 1 and the structures
associated with these configurations are illustrated in the
Supporting Information Figure SI1. Similar configurations were
found to be most energetically stable using both the PW91 and
the PBE-D2 functionals. These functionals also predicted
roughly the same ordering of energies among higher energy
configurations. This is consistent with the expectation that the
total adsorption energy for these molecules is affected by
dispersion contributions but that these contributions are

approximately equal for a large variety of adsorbate
configurations at constant coverage. Since there were no
significant changes to the ordering of energies among the
configurations, it is unlikely that the other configurations
examined by Rankin and Sholl would be more favorable than
those already identified.55

These calculations effectively model the energetics of two
conglomerate phases (D-Ala and L-Ala) and a racemate phase
(DL-Ala). On the chiral Cu{3,1,17}R&S surfaces, the adsorption
energies of the conglomerate phases differ by ΔΔEDL = ΔED/R
− ΔEL/R = ΔEL/S − ΔED/S. The adsorption energetics of the
racemate phases are identical on the two surfaces, ΔEDL/R =
ΔEDL/S, but they differ from the average energy of the
conglomerate phases by ΔΔEr−c = ΔEDL/R − 1/2(ΔED/R +
ΔEL/R). Figure 7 shows the most stable configurations of D-, L-,

and DL-Ala on Cu{3,1,17}S identified using DFT and the
associated energies referenced to the most stable phase, L-Ala/
Cu{3,1,17}S. A key result of the DFT calculations is that they
predict that the energetics of the conglomerate (D-Ala and L-
Ala), and the racemate (DL-Ala) phases are comparable and
thus, that both phases should be considered in describing
adsorption of Ala from gas phase mixtures of enantiomers.
Inspection of the structures of the adsorbed overlayers of D-

and L-Ala on the Cu{3,1,17}S surface shows that there is a

Figure 6. D-/*L-Ala coverage ratios, ln(θD/θ*L), on Cu{3,1,17}R&S at
440 K as a function of exposure time to D-/*L-Ala gas mixtures with
PD/P*L = FD/F*L = 1/2, 1, and 2. The ratios of adsorbed D- and *L-Ala
on Cu{3,1,17}R (blue symbols) and Cu{3,1,17}S (red symbols)
surfaces remain the same as the gas flux ratios, FD/F*L= 1/2, 1, and 2
for all exposure times. These results imply that D*L-Ala forms
conglomerate phases of D- and *L-Ala with the same adsorption
energies on the Cu{3,1,17}R&S surfaces.

Table 1. Relative Energiesa of Dense Alanine Adlayers on
Cu{3,1,17}S

dense adlayer
PW9155

E (eV/unit
cell)

dense adlayer
PBE-D2

E (eV/unit
cell)

L_1_0_a 0 L_1_0_a 0.00
DL_1_0_a 0.091 DL_1_0_a −0.01
L_1_90_a 0.11 L_1_90_a 0.03
L_2_180_a 0.133 DL_2_180_a 0.22
DL_2_90_b 0.144 D_1_0_a 0.23
L_2_270_a 0.159 D_2_180_a 0.24
DL_1_90_b 0.198 L_2_180_a 0.25
DL_2_180_a 0.221 DL_2_90_b 0.28
L_4_270_b 0.235 DL_1_90_b 0.30
DL_2_270_a 0.256 L_2_270_a 0.30
DL_4_270_b 0.257 D_1_90_a 0.35
DL_1_90_a 0.274 D_1_90_b 0.37
L_1_90_b 0.303 D_2_90_b 0.39
L_2_90_b 0.402 D_2_270_a 0.40

aRelative energies are defined with respect to the L_1_0_a adlayer.

Figure 7. Structures and relative energies predicted using DFT-D2 for
the most stable conformations of L-Ala, DL-Ala, and D-Ala on the
Cu{3,1,17}S surface. The energies are defined relative to the that of L-
Ala/Cu{3,1,17}S. The unit cell contains two adsorbed molecules. In
the case of the racemic DL-Ala overlayer, the D-Ala enantiomer is
adsorbed at the top of the step and extends onto the terrace, while the
L-Ala enantiomer is adsorbed at the bottom of the step with the −NH2
interacting with the least coordinated Cu atom in the step edge.
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single motif for the two molecules in each unit cell which is
dictated by the binding of the −CO2 and −NH2 groups to the
surface and is independent of chirality. The unit cells drawn
into the structures shown in Figure 7 have been chosen to
highlight the two Ala molecules within the unit cell. In all three
structures, the Ala at the upper right of the unit cell is adsorbed
at the bottom of the step edge with its −CO2 group binding to
two nearest neighbor Cu atoms in the Cu(100) terrace and its
−NH2 binding to the least coordinated Cu atom along the step
edge. The Ala in the lower left of the unit cell in all three
structures has its −CO2 group binding to two nearest neighbor
Cu atoms at the top of the step edge and its −NH2 binding to a
Cu atom in the Cu(100) terrace. The enantiospecific
differences in the adsorption energetics of the two conglom-
erate phases and the racemate phase are dictated by
stereospecific orientations of the −H and −CH3 groups on
the Cα atom. The conglomerate L-Ala phase has the lower of
the conglomerate phase energies and adopts a structure in
which both of the −CH3 groups are oriented away from the
surface. The primary difference between the L-Ala phase and
the racemic DL-Ala phase is that in the DL-Ala phase the
molecule on the terrace (lower left) is reversed in chirality from
L-Ala to D-Ala and it now has its −CH3 interacting with the
Cu(100) terrace. The DL-Ala phase is very slightly more stable
(−0.005 eV/molecule) than the L-Ala phase. On switching
from the DL-Ala phase to the D-Ala phase it is the chirality of the
molecule at the bottom of the step edge (upper right) that is
reversed, forcing the −CH3 to interact with the step edge. This
has a much larger impact on the adsorption energy than
reorientation of the −CH3 group in the Ala on the terrace and
destabilizes the D-Ala phase with respect to the L-Ala and the
DL-Ala phases by ∼0.11 eV/molecule.
DFT predicts a number of common structural features of the

conglomerate and racemate phases of D- and L-Ala on
Cu{3,1,17}S that are invariant under reversal of the chirality
of Cα in the amino acid. However, it also predicts that the
subtle differences in structure induced by the reversal of the
chirality are accompanied by adsorption energy differences of
∼0.11 eV/molecule. As we will discuss below, these energy
predictions are at odds with our experimental observations.

5. DISCUSSION
5.1. Self-Displacement of Amino Acids on Cu

Surfaces. A critical element of the experimental protocol for
measurement of the equilibrium adsorption of enantiomer
mixtures is that a steady state flux from the gas phase can
displace the adsorbed enantiomers on the experimental time
scale; in this case ∼60 min. This has been demonstrated in the
case of Ala on Cu{3,1,17}R&S as illustrated in Figure 5, and in
the case of Asp on Cu{3,1,17}R&S.29 The fact that gas phase
species can displace strongly adsorbed species under UHV
conditions was first demonstrated by Madix et al. on Cu and Ag
and used to rank the relative acidities of various different
adsorbates based on their ability to displace one another.63,64

The displacement phenomenon was first used by Gellman et al.
for quantitative measurement of adsorption equilibria using
partially fluorinated alkoxides on Cu surfaces.65,66 The fact that
amino acids and their enantiomers can displace one another
from Cu{3,1,17}R&S surfaces is entirely consistent with these
previous observations.
The mechanism of the amino acid displacement process is an

interesting problem in its own right and is not completely
understood, although our observations shed some light. Alanine

adsorbs on Cu surfaces in a deprotonated form as an alaninate
that decomposes during heating rather than desorbing from the
surface.30−40 Under UHV conditions, the temperatures used for
the displacement experiment are too low for significant
decomposition of alaninate on the experimental time scale.
Nonetheless, in the presence of a gas phase flux of D-alanine,
*L-alaninate is displaced from the surface. The mechanism is
believed to be one in which transiently adsorbed D-alanine
undergoes proton transfer to *L-alaninate creating *L-alanine
that then desorbs, leaving D-alaninate adsorbed to the surface.

5.2. Enantiospecific Energies of D*L-Ala Phases on
Cu{3,1,17}R&S Surfaces. If one can model the coadsorption of
two enantiomers onto a chiral surface as a first-order,
competitive Langmuir adsorption process, then measurements
of adsorption isotherms, θD(PD, PL)|T and θL(PD, PL)|T, on
chiral surfaces such as Cu{3,1,17}R&S can be used to determine
the ratio of adsorption equilibrium constants and, therefore, the
enantiospecific difference in adsorption free energies.29

θ
θ

θ
θ

= = =
K P
K P

K P
K P

D/R

L/R

D/R D

L/R L

L/S L

D/S D

L/S

D/S

This has been used successfully to model the competitive,
enantiospecific coadsorption of D- and *L-Asp on the
Cu{3,1,17}R&S surfaces. In that case, exposure of the Cu-
{3,1,17}R&S surfaces to racemic D*L-Asp in the gas phase
resulted in coverages on the surfaces that deviated from unity;
θD/R/θ*L/R = 0.46 on Cu{3,1,17}R and θD/S/θ*L/S = 2.30 on
Cu{3,1,17}S. These were then used to estimate the ratio of the
enantiospecific equilibrium constants for adsorption of D- and
*L-Asp on Cu{3,1,17}S. Additional experiments using non-
racemic mixtures with gas phase partial pressure ratios of PD/
P*L = 1/2 and 2 yielded the same values for the ratio of the
equilibrium constants; KD/S/KD/R = 2.29 ± 0.17. The ratio of
the equilibrium constants is independent of the relative D- and
*L-Asp coverages.
Similar to crystallization of chiral mixtures in 3D, mixtures of

D- and L-enantiomers can, in principle, form three distinct
phases during 2D crystallization on surfaces: two enantiomor-
phous conglomerate phases (D- or L-) and a racemic compound
(DL-).31,67−70 The DFT energetics calculated in the course of
this work (Figure 7) suggest that all three adsorbed phases
ought to be considered. If the racemate DL-phase were far more
energetically stable than either the D- or the L- phase, as
indicated in Figure 1 scenarios (DL)/R and (DL)/S, then the
equilibrium ratio of the enantiomers on Cu{3,1,17}R&S would
be θD/R/θ*L/R = θ*L/S/θD/S = 1 and insensitive to the ratio of
the partial pressures of the enantiomers in the gas phase, PD/
P*L. The data in Figure 6 demonstrates that this is clearly not
the case for D- and *L-Asp adsorption on Cu{3,1,17}R&S.
The coadsorption of D- and L-Ala on the Cu{3,1,17}R&S

surfaces is fundamentally different from that of D- and L-Asp. As
shown in Figure 6, the ratio of D- to *L-Ala coverages on the
Cu{3,1,17}R&S surfaces remained θD/R/θ*L/R = θ*L/S/θD/S = 1
during exposure to racemic D*L-Ala for all exposure times. One
explanation for the fact that the coverage ratio does not deviate
from unity and is identical on both enantiomorphous surfaces is
that D- and *L-Ala do not interact enantiospecifically with the
Cu{3,1,17}R&S surfaces, ΔΔEDL = 0. The other possible
explanation is the formation of a racemic D*L-Ala phase
which is much more energetically stable than either of the
conglomerate phases. If that were the case, exposure to
nonracemic mixtures of D- and *L-Ala in the gas phase, PD/P*L

The Journal of Physical Chemistry C Article

dx.doi.org/10.1021/jp503796u | J. Phys. Chem. C 2014, 118, 14957−1496614963



≠ 1, would lead to a coverage ratio on the surfaces of θD/R/
θ*L/R = θ*L/S/θD/S = 1. However, it is quite clear from the data
in Figure 6 that θD/R/θ*L/R = θD/S/θ*L/S = PD/P*L. These results
point quite clearly to the scenario in which the adsorption of D-
and *L-Ala on the Cu{3,1,17}R&S surfaces is not measurably
enantiospecific, ΔΔED*L = 0, and that the racemate D*L-Ala
phase is energetically unstable with respect to the conglomerate
D- and *L-Ala phases. It is important to note that, although we
refer to the stable phases as conglomerate phases as though
they are enantiomerically pure 2D domains (Figure 1), the
extent of these domains could vary from isolated molecules to
extended islands. In other words, the data are also consistent
with a random 2D solution of noninteracting D- and L-Ala on
the surface, but not with the formation of DL-Ala dimers or
extended racemate domains.
To our knowledge, the only available experimental data

relevant to the enantiospecific adsorption energetics of Ala on
Cu{3,1,17}R&S surfaces come from STM images of L-Ala/
Cu(100).71 The adsorption of L-Ala on Cu(100) surfaces
induces step bunching resulting in the formation of {3,1,17}
facets. This has also been observed in the case of glycine and L-
lysine adsorption on Cu(100).33,72 There are eight {3,1,17}
facets vicinal to the (100) plane, four {3,1,17}R and four
{3,1,17}S facets. In the case of faceting induced by L-lysine
adsorption on Cu(100), only the four {3,1,17}R facets are
observed.72 A TPD study of D- and L-lysine desorption from
Cu(100) and Cu{3,1,17}R&S surfaces showed that the
adsorption energies of D- and L-lysine on Cu(100) were
lower than on the Cu{3,1,17}R&S surfaces, hence the driving
force for faceting.21 More importantly, the adsorption energies
of L-lysine/Cu{3,1,17}R and D-lysine/Cu{3,1,17}S were lower
than the adsorption energies of D-lysine/Cu{3,1,17}R and L-
lysine/Cu{3,1,17}S, hence the driving force for the preferential
formation of the {3,1,17}R facets during the adsorption of L-
lysine on Cu(100). In contrast with the adsorption of L-lysine
on Cu(100), the surface reconstruction induced by glycine, an
achiral amino acid, on Cu(100) results in a roughly equal
numbers of {3,1,17}R and {3,1,17}S facets. This result for
glycine is not surprising because it is achiral and, therefore,
cannot interact enantiospecifically with the Cu{3,1,17}R&S

facets. As in the case of glycine, the surface reconstruction
induced by L-Ala on Cu(100) results in roughly equal numbers
of {3,1,17}R and {3,1,17}S facets.71 By analogy with glycine/
Cu(100) and in contrast to L-lysine/Cu(100), this result for L-
Ala/Cu(100) suggests that L-Ala does not interact enantiospe-
cifically with Cu{3,1,17}R&S surfaces. This is consistent with the
direct observations of D-/*L-Ala adsorption on Cu{3,1,17}R&S

surfaces made in this work.
5.3. Relative Adsorption Energetics from Experiment

and DFT. The structures of D-, L- and DL-Ala monolayers on
Cu{3,1,17}R&S surfaces predicted by DFT and illustrated in
Figure 7 have one of the two molecules within each unit cell
adsorbed on the (100) terrace and the other at the lower edge
of the kinked step. There are also common features associated
with the binding sites of the −CO2 and the −NH2 groups of
the two molecules in each of the most stable configurations of
the three monolayers. The differences between the three
structures can be readily associated with the orientations of the
−CH3 and the −H in each enantiomer. Switching the chirality
of the molecule adsorbed on the (100) terrace (Figure 7, lower
left in the unit cell) makes little difference to the adsorption
energy, consistent with this being an “achiral” binding site.
However, switching the chirality of the molecule adsorbed at

the lower edge of the step (Figure 7, upper right in the unit
cell) has a significant impact on the binding energy, consistent
with this being the chiral binding site.
The obvious inconsistency in the work presented is that

while the DFT calculations predict an enantiospecific
interaction of D- and L-Ala with the Cu{3,1,17}R&S surfaces,
the experimental results reveal none. One of the values of the
DFT calculations is that they have revealed the possibility that
the D-, L-, and DL-Ala phases on Cu{3,1,17}S can have
comparable energies and thus, that the contribution of a DL-
Ala phase should be considered in our analysis of the
adsorption equilibria. Fortunately, our experimental method is
capable of measuring equilibria between adsorbed phases and
gas phase mixtures of arbitrary composition. This allows us to
discriminate between the two mechanisms by which exposure
to a gaseous racemic mixture might lead to adsorption of a
racemic mixture on the surface: the scenario in which the
racemic DL-Ala phase is far more stable than either D- or L-Ala
(Figure 1, scenarios (DL)/R and (DL)/S), and the scenario in
which the energies of the D- and L-Ala phases are
indistinguishable (Figure 1, scenarios (D + L)/R and (D + L)/
S). The latter with ΔΔEDL ≈ 0 is consistent with the
experimental results.
It is worthwhile addressing the question of why the DFT and

experimental results differ. One possibility is that the
enantiospecific and configuration specific energy differences
between the D-, L-, and DL-Ala phases on the Cu{3,1,17}R&S

surfaces are simply too small to be resolved by DFT, even when
using a dispersion corrected functional. If one examines the
enantiospecificities of reaction rates, desorption energetics and
adsorption equilibria measure on well-defined, naturally chiral
single crystal surfaces,14,21,24,29 the highest enantiospecific
difference in reaction energetics that one would estimate
from those measurements is ∼0.04 eV/molecule estimated for
the desorption of methyl lactate from Cu{643}R.73 This value is
probably at the limit of what can be reliably achieved using
DFT.74 That being the case, prediction of enantioselectivities
from computational modeling remains a challenge.
As with all attempts to compare the predictions of

computational simulation with the results of experimental
measurement, success relies not only on the accuracy of the
simulation method, but equally on the fidelity of the model of
the physical reality being measured. The discrepancy between
the predictions of DFT and the experimental results could arise
simply from an incorrect description of Ala on Cu{3,1,17}S.
The experimental measurements were performed on thermally
roughened surfaces that were saturated with adsorbed Ala, but
at an absolute coverage that has not been determined
quantitatively. The DFT model assumes that the surface
exposes an ideal Cu{3,1,17}S unit cell with two Ala molecules
per unit cell adsorbed in deprotonated states. We cannot
exclude the possibility that this coverage does not match that of
the experiment exactly. Perhaps the species being modeled is
not that adsorbed on the real surface. Several studies suggest
that adsorbed acids, including amino acids and tartaric acid, can
extract Cu atoms from the surface to form adsorbed species
that are better described as Cu salts than adsorbed
carboxylates.72,75−78 It is conceivable that the species on the
surface is a Cu-alaninate and the surface structure is quite
different from the ideal Cu{3,1,17}S. The discrepancy between
our experimental results and our DFT based simulation is not
entirely surprising given the subtlety of the phenomena that we
are studying. Converging to a fully consistent picture of the
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enantioselective adsorption of Ala on Cu{3,1,17}R&S poses a
challenge to both the computational methods being used, and
to the experimental characterization of the system under study.

6. CONCLUSIONS
The equilibrium adsorption of mixtures of isotopically labeled
*L-Ala and unlabeled D-Ala with variable partial pressure ratios,
PD/P*L, allows discrimination between adsorption as D- and *L-
conglomerate phases and adsorption in a DL-racemate phase. D-
and *L-Ala adsorb on the Cu{3,1,17}R&S surfaces in
conglomerate phases but with adsorption energetics that are
not measurably enantiospecific.
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